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(57) Abstract 

Apparatus for measuring fluorescence characteristics of a sample material located at a sample station (3) comprises 
a fluorescence photon-event receiving means (9), an excitation light source (I) and a means (13, 14, 16) for determining the 
pulse profile of the excitation light. Detecting means (10) is coupled to receive the output of receiving means (9) and the 
output of the determining means (13, 14, 16) and synchronisation means (4, 6, 7) is operable by the excitation light source 
to generate synchronisation pulses for controlling operation of a measuring means (8, 12) which is coupled to the detecting 
means (10) and which is operable according to the photon correlation technique to provide on a time-shared basis a mea- 
sure of the fluorescence characteristics and a measurement of the pulse profile. 
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APPARATUS FOR MEASURING FLUORESCENCE DECAY 
CHARACTERISTICS OF MATERIALS 

This invention relates to apparatus for measuring 
fluorescence decay characteristics (referred to hereinafter 
simply as 'fluorescence characteristics') of materials:. 

Apparatus for measuring fluorescence characteristics 
of a material is already known and comprises a light source 
(either narrow band or monochromatic) , and hereinafter 
referred to as an excitation light source, capable of 
emitting a train of light pulses which are directed onibtD 
the material (or sample) under test to excite that. sarnie 
into a fluorescent state. When the sample fluoresces 
it emits energy in the form of single photons and the known 
apparatus comprises photon detection and .measuring systems , 
the latter functioning according to the well-known photon- 
correlation technique using synchronisation pulses derived 
15 from the excitation light source, whereby fluorescence 
decays and decay times for the sample (and associated 
properties such as anisotropy decay) are evaluated. 

in practise typical excitation light sources are flash- 
lamps (with associated waveband filters) and lasers hat* of 
20 which suffer from long-term time-dependent changes in tihexr 
optical pulse profile and it is therefore necessary to 
measure the excitation pulse profile applied to each sa^le . 
in the known apparatus this is undertaken either immediately 
before or immediately after irradiation of the sample h Y 
substituting at the sample station a reflective device or 
scatterer so that the reflected excitation is directed into 
the detection and measuring systems. -In consequence 
certain long-term time -dependent changes in the character- 
istics of the detection and measuring systems are accounted 
for in addition to long-term excitation pulse profile 

changes . , _ ' 

The known apparatus suffers from a number of dis 
advantages and it is an object of the present invention to 
obviate or mitigate these disadvantages. For example, 
the known apparatus measures the excitation pulse profile 
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before or after sanrole irradiation and therefore relies 
upon constancy of excitation pulse profile both during 
sample irradiation and in continuity with measurement of 
the excitation pulse profile. In fact known excitation 
light sources have pulse profiles which tend to vary from 
pulse to pulse in addition to long-term pulse profile 
variation. Furthermore, substitution of the sample and 
reflective device at the sample station requires inter- 
changeability which in fact is not universally practical 
because certain samples fluoresce under environmental 
conditions which render the reflective device difficult 
to substitute. Additionally , fluorescence usually occurs 
at a spectral wavelength different from (being larger than) 
that of the excitation and the detection <and measuring 
systems usually have differing characteristics at these 
two wavelengths so that the assessment of changes in the 
detection and measuring systems by directing the. 
excitation light through these systems is inherently 
inaccurate. 

According to the present invention there is provided 
apparatus for measuring fluorescence characteristics of a 
material sample, said apparatus comprising 

a sample station for receiving a material sample the 
fluorescence characteristics of which are to be measured, 

a fluorescence photon-event receiving means coupled 
to said sample station to receive single photon events 
ar is ing therefrom , 

an excitation light source capable of emitting a 
train of excitation light pulses. towards said sample 
station so as to irradiate a sample therein, 

excitation pulse profile determining means sensitive 
to said train of excitation light pulses and having 
sufficient attenuation to provide an output event count 
rate compatible with the fluorescence photon event count 
rate, 
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detecting means coupled" to receive the output of said 
receiving means and the output of said determining means, " 

synchronisation .means operable by said excitation 
light source to generate a train of synchronisation pulses, 
5 measuring means coupled to the output of said 

detecting means and to the output of said synchronisation 
means and operable according to the photon correlation 
technique to provide-on a time-shared basis a measure of 
said fluorescence characteristics and a measure of said 
10 excitation pulse profile, said measuirng means including 
discrimination means enabling said excitation pulse 
profile measure to be distinguished from said fluorescence 
characteristics measure. 

By virtue of the present invention measurement of the 
15 excitation pulse profile is effected on a time-shared 

basis throughout the duration of irradiation of the sample 
as a result of which the measure is more precise than 
hitherto and is undertaken without interruption and 
alteration of the sample station and associated detector 
20 so that stringent sample environments can be maintained 
without disturbance. 

The detecting means may comprise a single detector 
receiving both sets of input events or it may comprise a 
pair of detectors each receiving only one set of input 
2S events. The latter arrangement is preferred because it 
enables matching of detector transfer functions notwith- 
standing the different spectral wavelengths of the two 
sets of input events. Accordingly correction of timing 
differences is effected automatically. 

A time-delay means is preferably provided in one 
of said receiving means and said determining means, which 
may be effected optically or electronically, and preferably 
is arranged to introduce a time-delay of less than one half 
the pulse repetition period of the excitation light source 
35 but substantially greater than the fluorescence decay time 
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of' the sample. 

The measuring means is arranged to measure the time - 
interval at which an event occurs in relation to a 
synchronisation pulse and may convert these measures- to 
proportional amplitude measures. Additionally the 
measuring means measures the accumulated number of events 
occurring at each time interval over the duration of the 
measurement process/ 

The discrimination means may be provided by electronic 
routing circuitry whereby fluorescence events are directed 
into different storage channels from excitation pulse 
profile events or all events may be stored in a single 
storage channel and discriminated by virtue of excitation 
pulse profile events occurring and being stored at longer 
time interval indicia than fluorescence events. 

Embodiments of the present invention will now be 
described by way of example with reference to the 
accompanying schematic drawings, in which: 

Fig. 1 illustrates the known apparatus for measuring 
fluorescence characteristics of a sample; 

Fig. 2 illustrates a first embodiment of apparatus 
according to the present invention; 

Fig. 3 illustrates a second embodiment of apparatus 
according to the present invention; 

Fig. 4 illustrates a third embodiment of apparatus 
according to the present invention; and 

Fig. 5 illustrates a fourth embodiment of apparatus 
according to the present invention. 

With reference now to Fig. 1 an excitation light 
source 1 is arranged to emit a train of excitation light 
pulses along path 2 in order to irradiate a sample in a 
sample station .3. Fluorescence photon events are 
received by means 9 which usually is in the form of a 
wavelength selector such as a grating monochromator the 
output from which is delivered to a single photon 
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detector 10 (such as a photomultiplier) . Detector 10 
issues corresponding output signals to one input of a 
measuring means 8,12 via a threshold discriminator 11 to 
eliminate spurious signals. Measuring means 8,12 has 
a second input which is connected to receive a train of 
synchronisation pulses derived from source 1, and 
comprises a device 8 which operates as a start/stop 
counter and time interval to amplitude converter according 
to the photon correlation technique and a multichannel 
analyser 12 in which the output from device 8 is stored 
as a histogram representing the relative probabilities of 
occurrance of the various start /stop delay times which is 
a measure of the fluorescence characteristics of the sample. 
The synchronisation pulses in Fig. 1 are derived from the 
15 optical output of source 1 by way of a photomultiplier 4, 

discriminator 6 and delay line 7 whereby the synchronisation 
pulses are arranged to occur after respective detected 
photon events and accordingly photon events are applied to 
the 'start' input of device 8 whilst synchronisation pulses 
20 are applied to the 'stop' input of device 8. 

As is known the synchronisation pulses may be derived, 
electrically from the pulse-forming control system of the 
source 1 and may be operable upon the 'start' input of 
the device 8. Additionally, of course, the photon 
25 correlation technique yields valid results only when a low 
detection probability is maintained, typically one photon 
event for each 100 excitation pulses. 

' Turning now to the embodiments of the present 
invention as illustrated in Figs. 2-5 it is to be noted 
that the components of Fig. 1 are contained therein and 
retain their respective numerical designations. Thus in 
Fig. 2 excitation pulse profile determining means is 
provided in addition to the Fig. 1 components and comprises 
a beamsplitter 13 located in path 2 whereby a small 
fraction of the excitation light is delivered to an optical 
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time-delay means 14 (for example an optical path in air 
(folded between mirrors) or possibly a light guide such as 
a single mode glass fibre) the output of which is. directed 
by matching optics 16 to the input of detector 10. 

5 Accordingly in this embodiment a single detector 10 

receives events on a time-shared basis from element 16 
and also from element 9 . Discrimination between the two 
measures provided by "means 8,12 is achieved in this 
embodiment by the position within the memory of analyser 

10 12, excitation events being delayed with respect to 
fluorescence events. 

In the Fig. -3 embodiment the excitation pulse profile 
determining means incorporates its own detector 23 
associated with input optics 22 whereby the geometry of 

15 photocathode illumination can be matched with that of 

detector 10. The output of detector 23 is passed to a 
time-delay means 25 (in this instance operating 
electronically) via a threshold discriminator 24 
functioning correspondingly to .discriminator 11 and the 

20 output of means 25 is delivered to the input of means 
8,12 in an OR configuration. The Fig. 3 embodiment 
has the advantage over the Fig. 2 embodiment that the 
separation of the detection function to two separate 
detectors 10,23 enables the impulse response of these 

25 detectors to be closely matched despite the fact that 
the detectors are subjected to events in different 
spectral wavelength regions . 

... The Fig. 4 embodiment, is similar to the Fig. 3 
embodiment except for the" absence of the time-delay means 

30 25 and the introduction of signal-routing circuitry 18 

receiving input signals from discriminators 11,24 and in 
consequence controlling analyser 12 via line 19 to 
receive and store excitation pulse profile events 
separately from fluorescence photon events thereby 

35 enabling discrimination between these two measures. 
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,*a*« a reset sianal to circuitry 18 following 

T.ine 21 provides a reset siy* 

,.> ine y „ Tin „ 20 orovides a confirmatory 

storage of each event. Line 20 proviaes 

start signal. _ 

The Fig. 5 embodiment is similar to the Fig. 2 

5 embodiment in that, only a single detector 10 is utilised 
and as regards signal-routing "circuitry - 18 is similar, to 
the Fig. 4 embodiment but in this instance the input 
signals to circuitryia are derived from devi * 8 on the 
one hand and discriminator 17 at the output of detector 

10 15 coupled to the output of delay means 14 on the other 

^'it will be understood that circuitry 18, for example, 
incorporates a latch which is set to logic 1 or logic 0 

u^uor * fluorescence event or an excitation 
depending upon whether a fluorescence 

15 evLt is signalled. The condition of this latch deter* nes 
L nature of the signal on line 19 . The latch is -reset 

by the signal on line 21. 

As regards the Fig. 4 embodiment which. does not 
incorporate the time-delay means 25 separation of the two 

20 kinds of events is undertaken on the statistical basis 

that because events are relatively rare the simultaneous 
presence of both fluorescence and excitation events is. 
exceptional. On this basis either one event only may 
be recorded as a fluorescence event or both events may be 

25 rejected (and neither recorded) . 

It will now be appreciated that in its simplest form 
the present invention provides, quasi simultaneous measure- 
ment (i.e. on a time-shared basis) of both fluorescence 
characteristics and excitation pulse profile thereby 

30 enabling automatic correction of the data collected for 
fluorescence characteristics to account., for variations . 
in the excitation source; both long term and short term 
variations. This has the additional advantage that such 
measurement of excitation pulse profile is undertaken 

35 independently of the sample station .so that special 
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environments thereat can be maintained as required, 
'in a more complicated form the invention enables' matching 
of the photodetectors to provide similar impulse transfer 
functions to the received events thereby rendering the 
5 detector outputs independent of the spectral wavelength 
differences between the fluorescence events and the 
excitation pulse profile events. 
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CLAIMS 

1. Apparatus for measuring fluorescence characteristics of 
a material sample, said apparatus being characterised by the 
combination of 

a sample station (3) for receiving a material sample 
5 the fluorescence characteristics of which are to be 
measured, 

a fluorescence photon-event receiving means (9) coupled 
to said sample station (3) to receive single photon events 
arising therefrom, 
10 an excitation light source (1) capable of emitting a 

train of excitation light pulses towards said sample 
station (3) so as to irradiate a sample therein, 

excitation pulse profile determining means (13,14,16) 

- * 

sensitive to said train of excitation light pulses and 
15 having sufficient attenuation to provide an output event 
count rate compatible with the fluorescence photon event 
count rate, 

detecting means (10) coupled to receive the output of 
said receiving means (9) and the output of said determining 
20 means (13,14,16) , 

synchronisation means (4,6,7) operable by said 
excitation light source (1) to generate a train of 
synchronisation pulses , 

measuring means (8,12) coupled to the output of said 
25 detecting means (10) and to the output of said synchronisa- 
tion means (4,6,7) and operable according to the photon 
correlation technique to provide on a time-shared basis a 
measure of said fluorescence characteristics . and a measure 
of said excitation pulse profile, said measuring means (8,12) 
30 including discrimination means (12) enabling said excitation 
pulse profile measure to be distinguished from said 
fluorescence characteristics measure „ 

2. Apparatus as claimed in claim 1, characterised in that 
the detecting means (10) comprises a single detector 
receiving both sets of input events. 
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3. Apparatus as claimed in claim 1/ characterised in that_ 
the detecting means (10) comprises a pair of detectors 
(10,23) each receiving only one set of input events. 

4. Apparatus as claimed in any preceding claim, characterise 
in that a time-delay means '(14) is provided in one of said 
receiving means (9) and said determining means (13,14,16) 
arranged to introduce a time-delay of less than one half 

the pulse repetition period of the excitation light source 
(1) but substantially greater than the fluorescence decay 
time of the sample. 

5. Apparatus- as claimed in any preceding claim, 
characterised in that the measuring means (8,12) is arranged 
to measure the time interval at which an event occurs in 
relation to a synchronisation pulse. 

6. Apparatus as claimed in claim 5, characterised in that 
the measuring means (8,12) converts said measure of time 
interval proportionately to amplitude measures. 

7. Apparatus as claimed in either claim 5 or claim 6, 
characterised in that the measuring means (8,12) measures 
the accumulated number of events occurring at each time 
interval over the duration of the measurement process. 

8. Apparatus as claimed in any preceding claim, character- 
ised in that the discrimination means (12) is provided by 
electronic routing circuitry whereby fluorescence events 
are directed into different storage channels from excitation 
pulse profile events . 

9. Apparatus as claimed in any one of claims 1-7, 
characterised in that the discrimination means (12) is 
provided by a single storage channel in which excitation 
pulse profile events are stored at longer time interval 
indicia than fluorescence events. 
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An all solid-state near-infrared time-correlated single Photon 
counting instrument for dynamic lifetime measurements ,n DNA 
sequencing applications b^f 

(Received 9 Julv 1996; accepted for publication 27 August 1996) 

We have constated a simp.e. aU solid-state. J^^^^ 

collecting decay profiles ^^^^J^* ' °" ed e.eclic field (cavitary 
tube filled with a sieving gel under the influence or an PP 

electrophoresis). The major components of the instalment cons,* of an a ™ ly ^ 5 Q mW) , 
diode laser (X e „=780 nm; r,<200 ps; ^^^^^^w ^ 

^^^^^^^Z^^^ -vener. and an 
a PC board containing a constant fraction d,scn ™° r rate=3 xl0 6 cos) The instrument 
ana.og-to-d.g.ta. converter ^^J^S^ Z> fhaLSmum). adequate for 
possessed a response funcuon of ^"T^S W"* To demonstrate the utility and the 
measuring fluorescence lifetimes in the subnanosecona eg. f IR 

sensitive of the instrument, dynamic «^^JJ^^ t t he ident.fication of 
dye-labeled DNA fragments were measured during capillary «J«^ S " in a tw0 . dye 

lhe dye-labeled nucleotide bases via temporal domination. ™ ^ J* 

experiment, in which only two of the four constant used to really identify 

unique fluorescent probes, the characterise hfeume of the P"*e ^cwU be used » J 

sss ^ - ^ — 

[S0034-6748(96)04911-8] / 

^ ™ J ^ idenufication/' 5 While this has been a fairly robust method 
,. INTRODUCTION ^ . $ ^ technique common , y incorporated into many corn- 
Tremendous efforts are currently being invested into de- seq(jencerSi [he protoC ol does present itselt 
veloping new technologies and instrumentation for sequenc- ^ ^ difficulties, including the need for multiple 
ing the human genome, which consists of 3x 10 nucleotide ^ channe , s and cross ta i k 
bases, due to the time-consuming and Uibor-.niensiv« : teps ^ ^ Qverlap whicn 
required to obtain sequence data using existing state-of-the- between aete ^ during 
. art instruments. For obtaining DNA sequences, the common can produce ecro« m instrume nts. where 
approach is to use the Sanger dideoxy chain terminate lne sequence analysts, necessity 
method ' in which a series of DNA fragments are randomly many sequencing lanes mubi be run in parallel. l " 
^na'ted at one of the constituent nucleotide bases, which for mulliple delec tion channels to process the fluo rescue 
comprise the biopolymer. The next step involves a fraction- from eacn |abe! can make the sequencing dev.ce msirumen- 
ation process, in which the DNAs are size separated using ta| , y imensive . 

electrophoretic methods, with the terminal nucleotide base We haye recenlly suggeste d an approach to base cau.n, 

identified (base calling) during the separation from which the ^ ^ ^ app ii cal ions using fluorescence lifetime 

original sequence is constructed. The major thrusts of the discrimjnalion of dyes wi[h similar absorption and emission 

technology development are directed toward increasing the ^ ^ ^.^ fluorescence lifetimes. Several 

speed of acquiring sequencing data, construction o ^ u- < ■ ^ wj|h discrimination for 

□lexine instruments to improve throughput, and improving " 6 

£ ™ in base calling dunng the separation process. base coiling. uK.ud.ng. 

The approach typically employed for identifying the ter- ()) ^ calcu , a[ed , ifetime is immune to concentration airier- 
minal base involves laser-induced fluorescence, due to us 

ease of use. high sensitivity, and the ability to easily auto- ^ ^ fluorescence , ifetime can be determined with higher 
mate the detection. The four constituent bases (adenine A. jsion than fluorescence intensities; and 
cytosine. C. guanine. G. and thymine. T) are attached to k ^ w efficiem iy ex- 
one of four fluorescent probes, which possess un.que (3) only °^ ™ on onfi deleclion chan . 
emission maxima, allowing spectral discnm.nat.on for cue the fluorescent prooe 

3964 Rev. Sci. Instrum. 67 (11), November 1996 003.-67^67(1^9^10.00 



nel. is needed to process the fluorescence for appropri- 
ately selected dyes. 

One of the potential difficulties arising from the use of lite- 
time discrimination in base-calling applications for DNA se- 
quencing is the poor photon statistics (limited number of 
photocounts) produced from the need to make a dynamic 
measurement (the chromophore is resident in the excitation 
beam for only I -5 s) and the low mass loading levels asso- 
ciated with electrophoresis, especially in capillary electro- 
phoresis. For example, it is not uncommon to encounter a 
mass loading range of 0.001 - 1 .0 amol of DNA per electro- 
phoretic band. 

Recently, we demonstrated that time-resolved near-IR 
(NIR) fluorescence, 7 in conjunction with a simple computa- 
tional method, known as the maximum likelihood estimator 
(MLE), could be used to determine the lifetimes of 
C-terminated DNA fragments separated via capillary gel 
electrophoresis with high accuracy and precision. MR fluo- 
rescence has some decisive advantages compared to the more 
traditional visible fluorescence methods in that matrix inter- 
ferences, in the form of Raman and Rayleigh scattered light 
from the gel matrix and fluorescence impurities are signifi- 
cantly reduced compared to visible excitation, significantly 
improving the accuracy and precision in the lifetime 
measurement. 7 In those experiments, a passively mode- 
locked Tirsapphire laser pumped by the all-lines output of an 
Ar ion laser and conventional time-correlated single photon 
counting electronics were used to analyze the time-resolved 
fluorescence of DNA fragments labeled with a NIR dye. 

Another potential difficulty associated with lifetime 
measurements in DNA sequencing applications is the need 
for sophisticated and complex instrumentation. For the time- 
domain techniques, the instrumentation basically consists of 
a mode-locked, pulsed-laser (Nd:YAG), fast photodetector 
(microchannel plate photomultiplier) and extensive electron- 
ics (constant fraction discriminator, time-to-amplitude con- 
verter, analog-to-digital convener, and pulse-height analyzer, 
typically NIM bin modules). As such, the time-correlated 
single photon counting (TCSPC) instrument can make the 
measurement difficult, especially for those not well trained in 
laser operations. 

An additional advantage of implementing NIR fluores- 
cence, is that solid-state diode lasers and photodetectors can 
be used to construct a simple fluorescence detection appara- 
tus. In this article, we wish to discuss the development of a 
TCSPC apparatus which uses all solid-state components 
(pulsed diode laser and avalanche photodiode) and basically 
is turn-key in operation. While others have shown that 
pulsed diode lasers can be used for TCSPC applications, 
these devices did not possess the ability to make dynamic 
measurements of chromophores with subnanosecond life- 
times with sufficient sensitivity to determine lifetimes for 
small amounts of fluorescing material. 910 The excitation 
source of our instrument consists of a pulsed CaAlAs diode 
laser with a single photon avalanche diode (SPAD) serving 
as the photodetector. In addition, the system utilizes a PC 
board in which all of the electronics needed for making a 
TCSPC measurement are situated. The use of this instrument 
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will be demonstrated in DNA sequencing applications by 
identifying bases in a two-dye labeled experiment with the 
oligonucleotides separated via capillary gei electrophoresis 
(CGE). 



If. INSTRUMENTATION 



NIR-UF Detection system. A block diacram of the NIR 
laser-induced fluorescence (LIF) system for capillary electro- 
phoresis utilizing the pulsed diode laser source (BiosQuant 
GmbH, model DL-4040, Berlin Germany) and TCSPC board 
(BiosQuant GmbH, model SPC-300. Berlin Germany) is 
shown in Fig. 1. The laser source was an actively pulsed 
solid-state GaAlAs diode with a repetition rate of 80 MHz. 
and an average power of 5.0 mW at a iasing wavelength of 
780 nm. The laser beam was convened from an elliptical to 
circular shape using external cavity correction optics. The 
diode head was driven by an electrical short pulse generator 
which supplied high repetition rate picosecond current 
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pulses. The driver consisted of a rf pulse generator, fast 
switching stage, coax line driver, and a pulse shaper stage 
[see Fig. 2(A)]. 11 The driver delivered 3.6 W (50 H) current 
pulses at 80 MHz to the diode head with a full width at 
half-maximum (FWHM) of 500 ps. 

The laser was focused onto a capillary tube to an ap- 
proximately 1 4 /xm {Me 2 ) beam waist using a diode laser 
singlet lens (Melles Griot. Irvine, CA). The emission was 
collected in a conventional 90° format with a 40x high nu- 
merical aperture (NA) microscope objective (Nikon, Nauck, 
MA, NA=0.85) and the emission spatially filtered with a slit 
(width=0.4 mm). The fluorescence was further isolated from 
scattering photons using an eight cavity interference band- 
pass filter (center wavelength = 850 nm, half bandwidth = 30 
nm, Omega Optical, Brattleborough, VT). The filtered fluo- 
rescence was then focused onto the photodetector by a 10x 
microscope objective producing an image of approximately 
20 ^m on the face of the photodetector. 

The photodetector was a single photon avalanche diode 
(SPAD. EG&G Electrooptics Canada, Vaudreuil. Canada) 
stationed on a thermoelectric cooler with a photoactive area 
of 1.77X 10" 4 cm 2 (i.d. = 150 pm) and a dark count rate of 
approximately 100 counts/s. The pulses from the photodetec- 
tor were amplified (Phillips Scientific, Mahwah, NJ) 20-fold 
and sent to the time-correlated single photon counting board. 
The board, which plugs directly into the PC-bus. consisted of 
a constant-fraction discriminator, time-to-amplitude con- 
verter, analos-to-digital convener, and a multichannel ana- 
lyzer with 128 parallel channels [see Fig. 2(B)]. " The 
electronics have a dead time of <260 ns. allowing efficient 
processing of single photon events at counting rates exceed- 
ing 2 mil counts/s. The timing jitter in the electronics was 
determined to be <20 ps. The electronics allowed collection 
of 128 sequential decay profiles with a timing resolution of 



9.77 ps per channel. The controlling software was written in 
LabView (National Instruments. Austin. TX). 

In the present experiments, each decay profile was col- 
lected for 2 s during the electrophoresis, allowing a total data 
acquisition time of 256 s after which time, the data were 
dumped to memory producing a down time of approximately 
20 s. The steady-state fluorescence intensity was acquired 
using a PC-resident time/counter board (Computer Boards, 
INC, model CIO-CTR05, Mansfield, MA). Counts were ac- 
cumulated for 1 s intervals of time during the electrophoresis 
to construct the fluorescence intensity electropheroerams. 

III. CAPILLARY GEL ELECTROPHORESIS 

The capillary gel columns, which consisted of a 5% 
crosslinked polyacryiamide gel (75 /xm i.d., 375 /jlvcx o.d.. 
Polymicro, Phoenix, AZ) were prepared using published 
procedures. 14 The column was cut to a total length of 60 cm, 
with the distance from injection to laser detection being 53 
cm. The voltage to the capillary column was supplied by a 
Speilman high voltage power supply (CZ1000R, Plainview, 
NY). In all cases, the electrophoresis was performed using a 
field strength of 250 V/cm. DNA samples were inserted onto 
the gel column using an eiectrokinetic mode, in which the 
capillary tube was inserted into a DNA sample, a 15 kV 
voltage applied for 90 s, and then placing the capillary tube 
back into the running buffer subsequent to performing the 
electrophoresis. The running buffer for the electrophoresis 
consisted of a TRIS buffer, with borate and EDTA (pH = 8.3). 
containing 7.3 M urea as the denaturant. 

iV PREPARATION OF DNA SEQUENCING LADOERS 

The DNA sequencing ladders were prepared using stan- 
dard Sanger sequencing methods. 1 - 1516 The DNA primers 
(oligonucleotides which consist of, in the present case, 17 
bases and bind to a specific site on the target DNA) were 
covalently labeled with one of two NIR dyes, IRD40 or 
IRD4I (Li-COR. Lincoln, NE). The structures of these dyes 
along with their absorption/emission maxima, fluorescence 
lifetimes, and electrophoretic mobilities are shown in Fig. 3. 
IRD40 was used to label DNA fragments terminated in A- 
and IRD41 was used for labeling of the C-terminated DNA 
fragments in the sequencing experiments. 

V. RESULTS ANO DISCUSSION 

Due to the similar absorption and emission maxima of 
the labeling fluorescent dyes used in this experiment (see 
Fig. 3), spectral discrimination for nucleotide base identifi- 
cation would be difficult. However, the dyes selected show 
distinct fluorescence lifetimes (Sr f =69 ps). which should 
permit facile identification using lifetime discrimination for 
an instrument which possesses a response function adequate 
for measuring subnanosecond lifetimes. In order to deter- 
mine the lifetimes of the dye/DNA primers, a static experi- 
ment (nonflowing conditions) was performed using long 
photon integration times and high dye concentrations along 
with a nonlinear least squares method to determine tj. The 
results indicated lifetime values of 650 ps for 1RD40/DNA 
and 581 ps for IRD41/DNA. both adequately described by a 
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monoexponentiaJ function C^-1.03). In this case, the life- 
times of these probes were determined in an unpoiymerized 
gel matrix with urea (DNA sequencing conditions), since the 
photophysics of these type of dyes have been shown to de- 
pend dramatically upon the solvent system. 17 

Figure 4(A) shows the steady-state fluorescence intensity 
versus electrophoresis time for the dye-labeled DNA primers 
only electrophoresed in the capillary gel column. In this ex- 
periment, each eiectrophoretic band contained approximately 
■3.IX10" 1 moi of dye-labeied DNA, which was caJculated 
from the apparent eiectrophoretic mobility of the dye/primers 
in the electric field, injection conditions, and the dye concen- 
tration. As can be seen in Fig. 4, two bands are present, even 
though both dyes are attached to the same sized DNA 
primer. From charge considerations only (IRD41 is neutral 
and IRD40 is anionic), one would expect that the IRD40- 
labeled primer would migrate faster than the IRD4 1 -labeled 
primer. However, the point of attachment of the dye to the 
primer linkage also affects the frictional factor which influ- 
ences the mobility, resulting in a faster migration rate for the 
IRD4I dye/primer, irrespective of charge considerations 
only. In Fig. 4(B) is shown the decay profiles for the gel 
matrix and the fluorescently labeled primers integrated over 
the points indicated in Fig. 4(A). The instrument response 
function (IRF). determined from the gel only curve, was 
found to be 275 ps FWHM. In order to calculate the fluores- 
cence lifetimes for these dye/DNA bands on-line dunng the 
electrophoresis, maximum likelihood estimators were used, 
which is given by the following relation: 18 



IRD-iO 
Prinwr 




t ' r 

1 100 1200 1300 1400 

TIME (sec) 



1500 



C/3 
H 
Z 

O 

o 

H 
O 



1000- 


k 


IR040 B 


300- 




Primer (g) 


600 - 


Get Mttrii 1 


\ / IR04I 
K / Primer (b) 


400- 








J 


200- 




-i — - — i — — — ^ s *™' 



100 



200 J00 400 500 600 700 
CHANNEL NUMBER (/9.77 ps) 
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where /V is the total number of photocounts in the decay 
profile, 7* is the time width of each bin (9.77 ps), m is the 
time interval over which the lifetime was caJculated (4.3 ns), 
i is the time bin number, and N t is the number of counts in 
the ah time bin. A table was constructed from the left-hand 
side of Eq. (1) using different lifetime values and the experi- 
mental data were used to evaluate the right-hand side of Eq. 
(1) in order to determine Tj. The relative precision in the 
measurement using this relationship is simply given by 
N t ( /_) when r f >T, In order to minimize the amount of 
scattering photons included into the calculation for the life- 
times, the determination was carried out over a time interval 
.that was shifted by 97 ps [see the solid line in Fig. 4(B)] 
from the channel containing the maximum number of photo- 
counts with 440 channels (4.3 ns) included into the caJcula- 
tion. 

The calculated lifetimes for the points indicated in Fig. 
4(A) are shown in Table I along with the total number of 
counts included into the calculation as well as the standard 
deviation in the measurement, which was determined from 
:V f * multiplied by the observed lifetime. As can be seen 
from these results, the apparent lifetimes for points a and 
where only the gel matrix contributes to the decay, was 
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TABLE 1. Calculated fluorescence lifetimes for the NtR dye-labeled DNA 
sequencing pnmers. Also shown, are the number of photocourus included 
jn the calculation as well as the standard deviation in the measurement. The 
letters indicate the points during the clectropherogram in which the decay 
profiles were constructed [see Fig. MA)]. Each decay profile was integrated 
over a 2 s time interval. 



Time point Lifetime (ps) 



Num. 
photocounts a 



Standard deviations K 
(ps) 



a 
b 
c 
J 
e 

f 

S 
h 

i 
j 



422 

585 

582 

595 

645 

660 

662 

666 

661 

412 



11 060 
73 945 
71 336 
68 654 
46 344 
58 784 
53 727 
31 731 
23 270 

12 152 



;4 
* 2 

= 3 
-} 
zl 
r4 

*6 



'Includes only those counts used in the lifetime calculation. 
"Calculated by multiplying tV~ iUZ] by the calculated lifetime. 



found to be approximately 412 and 422 ps, respectively, but 
with significantly fewer photocouncs included in the calcula- 
tion when compared to the case where dye- labeled DNA was 
present. When dye/DNA was resident within the detection 
volume, the lifetime vaJues varied, with the value determined 
by the identity of the dye. At point b, a value of 585 ps was 
found, which corresponds to the value calculated in the static 
experiment for IRD4I. Ar point tf, the lifetime value is seen 
to be greater than that expected for IRD41 alone. This results 
from the fact that the algorithm used to calculate the lifetime 
cannot differentiate between a mono- and multiexponentiaJ 
decay, and the calculated lifetime represents a weighted av- 
erage of the various components comprising the decay. At 
this point during the electrophoresis, both IRD40 and IRD41 
are resident within the detection zone. At points /-/, the 
lifetime values are similar to that calculated for IRD40 in the 
static experiment, since only this dye is expected to be 
present in the detection zone. 

In Fig. 5(A) is shown the steady-state fluorescence in- 
tensity versus electrophoresis time for A- and C-terminated 
DNA sequencing fragments separated by capillary gel elec- 
trophoresis. In this particular experiment, IRD4I was used to 
label the DNA fragments that were terminated in a C and 
IRD40 was used for labeling the A-terminated DNA frag- 
ments. Since only two dyes were available, the 7"s and G's 
were not fluorescently visible. In Fig. 5(B) is shown the de- 
cay profiles for the gel matrix. IRD41 and IRD40 dye- 
labeled DNA fragments. As can be seen, the number of pho- 
tocounts in this case is substantially less than that found in 
the case of the dye/primers only (see Fig. 4). Therefore, the 
scattering photons make a larger contribution into the decay, 
which can potentially introduce bias into the calculated life- 
time. Over the time interval in which the lifetime was calcu- 
lated, 17 373 counts were included in the lifetime determina- 
tion for the IRD41 DNA fragment and 26 096 counts for the 
IRD40 DNA fragment [see the marked bands in Fig. 5(A)]. 
Based upon the apparent electrophoretic mobilities of these 
two fragments, the electrokinetic injection conditions, dye/ 
primer concentration, and the approximate extension length 
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FIG. 5. Steady-state fluorescence intensily electropherogram (A) of A- and 
C-terminated DNA fragments separated by capillary gel electrophoresis. 
The A fragments were labeled with IRD40 and the C fragments with [RD4 1 . 
In (B) is shown the time-resolved decay profiles for the gel matrix and two 
bands taken from (A), which are indicated with an asterisk. 



for DNA polymerization, we estimated that the marked 
bands in Fig. 5(A) contain approximately 6.2xl0~* mol 
(3700 molecules) of dye-labeled DNA. 

In Fig. 6 is shown an expanded view of the intensity 
electropherogram shown in Fig. 5(A) along with the identity 
of the terminal base and some of the fluorescence lifetimes 
calculated using Eq. (1). Over the entire electropherogram, 
the average lifetime value determined for the IRD40 
A-terminated DNA fragments was found to be 669 ps, with a 
standard deviation of ±42 ps, while for the IRD41 
C-terminated DNA fragments, the average lifetime was 528 
ps and a standard deviation of r68 ps. Both of these values 
are similar to the lifetime values calculated in the static case 
(within experimental error), however, the standard deviations 
in these measurements were larger than expected based upon 
the average number of counts included into the determina- 
tion. For the A fragments, the average number of photo- 
counts in the lifetime calculation was found to be 19 928 and 
for the C fragments, 10 781 counts, which would result in 
standard deviations (determined from N' {Um) xr^) of ±5 and 
±6 ps. respectively, if the precision in the measurement was 
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FIG. 6. Expanded view of the intensity electropherogram shown in Fig. 
5(A) with the bases identified via lifetime discrimination. 



determined primarily by photon statistics. The large standard 
deviation in these experiments results from the fact ttiat the 
TCSPC electronics sequentially collects the decay profiles 
over 2 s intervals during the electrophoresis. In some cases, 
the data accumulation time for construction of the decay pro- 
file may not be aligned (in time) with the time interval over 
which the electrophoretic band is resident within the laser 
beam. This would result in a decay profile that was con- 
structed on the rising or falling edge of the electrophoretic 
band and inclusion of a disproportionately large amount of 
scattering photons, biasing the determination to lower life- 
time values. In addition, if two bands were present in the 
detection zone during decay profile construction, the calcu- 
lated lifetime would represented a weighted average of both 
dyes. These situations couJd be corrected by including a 
threshold condition into the hardware and/or software, in 
which the decay profiles would be collected only over time 



intervals in which the steady-state counting rate exceeded the 
average background rate by some predetermined value. 
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A single-photon counting instrument is described that is capable of recording single decay 
curves, time-resolved spectra, and sequences of fluorescence decay curves with the 
emission wavelength, the time from the start of the experiment, or other externally variable 
values as parameters. The instrument contains an internal microcomputer for 
experiment and measurement system control, data processing, and data management. It can 
be operated at pulse repetition rates ranging from 10 to 200 MHz and allows a photon 
count rate of up to 10 6 /s, The FWHM of the instrument response is 94 ps with a 
photomultiplier tube of type 18 ELU-FM. 



I. INTRODUCTION 

Time-correlated single-photon counting (TCSPC) is 
widely known to be a powerful method for fluorescence 
detection. 1 It has the advantage of wide dynamic range, 
single photon sensitivity, and high time resolution (in the 
ns and even in the ps time scale). With the advent of 
mode-locked argon-ion lasers and synchronously pumped 
dye lasers, replacing the excitation light sources with kHz 
repetition rate, 2 ultrashort optical pulses at high repetition 
frequency have become readily available. The instrumental 
resolution of a TCSPC system and the measurement time 
to get a fluorescence decay curve with a satisfactory signal- 
to-noise ratio now depend mainly on the parameters of the 
photon detector and of the signal processing system. The 
full width at half maximum (FWHM) value of the instru- 
mental response [instrumental response width (IRW)] is 
commonly used to describe the time resolution of a system. 
Because of the highly statistical nature of the signal, 1 the 
accuracy with which time constants of measured light 
events can be extracted from TCSPC measurement data by 
means of deconvolution analysis is about 10 times better 
than the IRW resolution value. From this point of view, 
comparing TCSPC systems with other time-resolved mea- 
surement techniques like optical sampling oscilloscope, 
synchroscan streak camera, and all other types of streak 
cameras, 3 a TCSPC system with IRW of 80 ps can be 
regarded as having the same effective time resolution as, 
e.g., a synchroscan streak camera of 15 ps, because the 
improvement in effective time resolution (as discussed 
above) is much less dramatic (an improvement factor of 
about 2). 

Using a photomultiplier (PMT) focused by static 
crossed electrical and magnetic fields, an IRW of 47 ps has 
been produced. 4 Recently, using a microchannel-plate 
PMT, the IRW could be decreased down to 30 ps. 5 Fur- 
thermore, using single-photon avalanche photodiodes, an 
IRW of 28 ps at room temperature was achieved. 6 ' 7 Until 
now less attention was paid to the maximum counting rate, 
which mainly determines the time to measure a fluores- 
cence decay curve. 

In this paper a microcomputer-controlled instrument 
for time-correlated single-photon counting is described 



that contains an internal microcomputer to control the 
measurement system modules, data processing, and man- 
agement. All modules of the measuring system are con- 
nected to the common microcomputer bus and controlled 
by the instrument software. This principle allows a great 
variety of modes of operation and yields a high flexibility of 
the system. The instrument software allows recording of 
decay curves, of time-resolved spectra, and of sequences of 
decay curves depending on the wavelength, the time from 
the start of the experiment, or any other externally variable 
parameter. For direct inspection of light pulse shapes, a 
SPC oscilloscope mode is provided. With a suitable optical 
system a multiplexed recording on four channels and a 
digital lock-in technique is available in all operating modes. 

II. ELECTRONIC SYSTEM 
A. Measuring system 

The electronic system of the instrument is shown in 
Fig. 1. The synchronization signal (SYN) derived from 
the laser pulse sequence is fed to the frequency divider 
(FRD). The division ratio of the FRD is software select- 
able from 2:1 to 8:1. It determines the number of the signal 
periods recorded. 

The single-photon pulses (SPP) from the photon de- 
tector are fed to the constant fraction trigger (CFT). The 
CFT delivers an output pulse at the crossover point of the 
input pulse and the delayed input pulse. Since the temporal 
position of the crossover point is independent of the pulse 
amplitude, this timing method minimizes the time jitter 
due to the amplitude jitter of the detector pulse. The time 
walk of the CFT is <50 ps in an amplitude range of 1:2 
and < 100 ps in an amplitude range of 1:10. 

The single-photon pulses are fed simultaneously to the 
window discriminator DIS1. DIS1 suppresses the process- 
ing of detector pulses- outside the optimal amplitude range 
of the CFT and of small background pulses from the de- 
tector. The CFT output pulses are used to start the time- 
amplitude converter (TAC), 

Compared to systems operating with flash lamps, the 
start and stop inputs of the TAC are inverted. 8 This en- 
ables the processing of the high pulse repetition rate of the 
cw laser (typically 125 MHz) since the TAC has to oper- 
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FIG. 1. Measuring system (FRD = frequency divider, CFT = constant 
fraction trigger, DIS1, DIS2 = window discriminators, TAC = time-to- 
amplitude converter, AMP = amplifier, ADC = analog-digitaJ converter, 
MEM = memory, ASC = addition/subtraction circuit, IFM = interface 
moduJe, SMC = step motor control module). 



ate only at the considerably lower photon count rate ( < 1 
MHz). The inversion of the time axis resulting from the 
inverted start/stop operation is not crucial, since the true 
time axis can be restored by reversed readout of the data 
from the memory. 

The TAC output voltage is fed to the amplifier 
(AMP). The gain factor of the amplifier can be chosen by 
the microcomputer to vary the time scale. The measured 
time can be shifted by means of the microcomputer-con- 
trolled offset signal (OFFS). 

The subsequent analog-digital converter (ADC) con- 
verts the amplified TAC signal. The resolution of the AJDC 
can be set by the microcomputer to 8, 9, or 10 bits, result- 
ing in a length of the recorded decay curves of 256, 512, or 
1024 points. The memory address consists of the ADC 
output word and two additional memory control bits M CO 
and MCI. By these bits the single photon events are routed 
to four different memory parts, providing a multiplexed 
quad channel operation of the instrument. 

The content of the addressed memory location is in- 
cremented or decremented by a computer-selectable value 
via the addition/subtraction circuit (ASC). Incrementing 
or decrementing is controlled by the external signal ADD/ 
SUB. This allows the combination of the time-correlated 
single-photon counting with a digital lock-in technique. 9,10 
The maximum count rate of the instrument is impor- 
tant for reducing the real time taken by the measurement. 
The processing rate is limited mainly by the speed of the 
ADC and of the memory. In order to increase this speed, 
the ADC and MEM modules have been so designed that 
an A/D conversion can be started already during the op- 
eration of storing a preceding measurement in the memory. 

A further considerable improvement of the count rate 
is obtained by introducing the window discriminator DIS2. 
This ojscriminator inhibits the conversion of TAC pulses 
outside the time window of interest, which is often consid- 



erably shorter than the time range covered by the amplified 
TAC pulses. Maximum count rates from 10 5 to 10 6 s ~ 1 are 
attained, depending on the selected ADC resolution. 

Unless the probability of having an event (photon or 
dark current pulse) within the analyzed time range after 
the excitation is very small (less than 1%), the shape of 
the optical signals measured by time-correlated photon 
counting is distorted. 11 Essentially, the effect arises since 
the TAC records only the first occurring event in all cases 
where more than one falls within the measured time range. 
This is often referred to as "pulse pile-up effect" It is 
worth noting, however, that with the high-repetition rate 
(125 MHz) laser pulses the rate of data accumulation is 
very high even with event probability much smaller than 
1%, that is, with negligible pile-up effect. Furthermore, the 
effect can be accurately evaluated and corrected, taking 
into account the number of excitation pulses employed; in 
fact, a suitable correction routine 11 can be readily included 
in the software for the treatment of data. 

For the control of the external optical setup the instru- 
ment contains the step motor driver module SMC and the 
interface module IFM with two RS 232 C channels. The 
measuring system modules have been especially developed 
in our laboratory. In contrast to commonly used systems, 
they are fully software programmable. All modules are 
connected directly to the microcomputer system.bus. The 
main parameters of the modules are adjustable via the mi- 
crocomputer. Control and data processing functions are 
implemented in the software as far as possible. This results 
in a reduced hardware expenditure in the measuring sys- 
tem and in a high flexibility of the instrument. 



B. Software 

Because of the close connection between the instru- 
mentation system and data processing, the software is an 
inseparable component of the instrument. The software 
package consists of several modules which are loaded by 
the program manager in dependence on the selected func- 
tion. 

The measurement routines contain the programming 
of the measuring system modules, the timing of the exper- 
iment, and the monochromator stepping required by the 
selected operation mode. The measurement can be con- 
trolled by the operator via a command interpreter function. 
The command interpreter includes adjusting the FRD ra- 
tio, TAC range, AMP gain and offset, DIS2 discrimination 
levels, ASC count increment, collection time intervals, stop 
conditions, and monochromator wavelength. 



III. MODES OF OPERATION 

A. Measurement of light pulse shapes 

This mode is applied to the recording of decay curves 
at selected wavelengths. The measurement can be termi- 
nated either after the programmed collection time or upon 
the first overflow in the measurement data memory. In 
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FIG. 2. Optical arrangement (Ar + = argon-ion laser, ML = mode 
locker, ML..M4 = plane mirrors, RM1, RM2 = rotating sector mirrors, 
CI, CZ — cuvettes, L1...L5 = lenses, P — A/4 plate, BS = beam splitter, 
PD — photodiode, GM = grating monochromator, PMT = photo- 
multiplier tube). 



the time stop mode an automatic overflow correction can 
be used. In this case up to 2 31 photons/channel can be 
recorded. Without overflow correction overflowing parts of 
the result are limited to 2 ,5 -l photons/channel. 

B. SPC oscilloscope 

The instrument makes it possible to record decay 
curves with collection times down to 0,1 s. In the oscillo- 
scope mode the shape of light pulses is measured repeat- 
edly in short intervals and displayed on the screen. Due to 
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FIG. 3. Response to the dye laser pulses at 585 nm for input amplitude 
windows of 1:5 and 1:1.6, linear and logarithmic scale; photomuitiplier 
adjusted for smooth impulse response and high count efficiency. 
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FIG. 4. Response to the dye laser pulses at 585 nm for input amplitude 
windows of 1:5 and 1:1.6, linear and logarithmic scale, photomuitiplier 
adjusted for minimum FWHM. 



the very high count rate this "SPC oscilloscope" allows the 
inspection of light signals with high time resolution and 
single-photon sensitivity. The application of the oscillo- 
scope mode to adjust PMT voltage dividers and optical 
systems is supported by displaying the location of the curve 
maxima, the FWHM, and the total number of counts. 

C. Multidecay mode 

Due to the high count rates and the high capacity of 
the internal memory (I MB RAM), sequences of curves 
depending on external parameters (wavelength,, time from 
the start of the experiment, or another parameter pro- 
grammed by the user) can be recorded. The. result is a 
three-dimensional display of light intensity versus time and 
the external parameter. 

D. Intensity measurement mode 

In this mode, the intensity is averaged in four time 
windows, and the signal is recorded as a function of the 
wavelength, the time from the start of the experiment, or 
another parameter programmed by the user. A possible 
application of this operation mode is the registration of 
time-resolved spectra. In this case the dependence of the 
PMT sensitivity on the wavelength is corrected by the soft- 
ware. 

E. Quad channel SPC 

A multiplexed measurement of up to four signals is 
possible in all operating modes. This requires a suitable 
optical system multiplexing the different optical signals 
onto the PMT and delivers two channel control signals to 
the electronic system. The photons are counted into differ- 
ent memory parts depending on the control signals. The 
use of only one PMT for all signal channels avoids prob- 
lems with different response functions. Multiplexing tech- 
nique using different PMTs 2 usually causes matching prob- 
lems when it is applied to short excitation pulses. 

F. Lock-in SPC 

The time-correlated single-photon counting can be 
combined with a digital lock-in technique. 9 ' 10 In this case 
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FIG. 5. Impulse response as a function of the position on the photocath- 
ode. ' 



FIG. 7. Fluorescence behavior of 3 X 10 ~ 7 M DODCI/ethanol as a func- 
tion of time and wavelength. 



the events are added or subtracted in the memory depend- 
ing on the lock-in reference signal. The lock-in SPC allows 
a supression of the PMT background pulses or of stray 
light if the sample under investigation is excited alternately 
with a reference object. The lock-in SPC capability can be 
used in all modes. In the measurement of light pulse 
shapes, however, there may be different count lasers and 
different pile-up effects for the sample and of the reference 
channels, respectively. In such cases considerable errors 
would affect the result of the direct subtraction procedure. 
This could be avoided by using the reference signal to store 
the two measurements in different memory parts, by sepa- 
rately correcting the two sets of accumulated data for the 
pile-up effect, and finally by performing the subtraction. 

G. Data processing and auxiliary software 

For data display and processing some useful routines 
have been implemented: 

(1) Curve display: Linear and logarithmic scales, cur- 
sor control, numerical display of selected curve points, 
baseline correction. 

(2) Fourier transform: FFT, inverse EFT, amplitude 
and power spectra, multiplication and division of complex 
FFT spectra. 

(3) Curve manipulation: Smoothing, curve arithmet- 
ics, differentiation, integration, interpolation. 
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FIG. 6. Fluorescence decay of 3 X 10 ~ 7 M DODCI/ethanol, instrumen- 
tal response, monoexponentiaJ fit and weighted residuals. 



(4) Deconvolution and depolarization calculation us- 
ing single exponential decay algorithm. 

(5) Display of multidecay results: Manipulation of dis- 
played patterns, smoothing, calculation of sections for pro- 
cessing by curve manipulation. 

IV. OPTICAL SYSTEM 

The optical arrangement is shown in Fig. 2. An ILA 
120 argon-ion laser (Jenoptik GmbH) with an AOM 100 
acousto-optical modelocker (Zentrum fur wissenschaftli- 
chen Geratebau, Berlin) and a synchronously pumped 
rhodamin 6G dye laser are used for sample excitation. The 
laser operates at 125 MHz repetition rate. 

The optical arrangement contains two rotating sector 
mirrors, RM1 and RM2, on a common axis. RM1 feeds 
the exciting laser beam via the mirrors M1...M3 alternately 
to the cuvettes CI and C2. RM2 and M4 reflect the fluo- 
rescence light of CI or C2 into the grating monochromator 
GM. The lenses Ll and L2 image the light spots produced 
in the cuvettes onto the plane of RM2. The lens L3 focuses 
this image onto the monochromator entrance slit L4 im- 
ages L3 onto the grating to achieve uniform illumination. 
The light from the exit slit is focused onto the photomul- 
tiplier cathode by the lens L5. 

The A/4 plate P converts the linear polarization of the 
laser beam into a circular polarization. This reduces fluo- 
rescence depolarization effects and the influence of back 
reflections from the optical system to the laser. 

The photomuitiplier tube is an 18 ELU-FM (Soviet 
.Union). This tube is intended primarily for high-speed 
pulse applications at output pulse currents up to 2.5 A. The 
device has a very compact construction and can be oper- 
ated at a supply voltage as high as 5 kV. Up to 40% of the 
overall supply voltage has been applied between the cath- 
ode and the first dynode. The 18 ELU-FM contains two 
parallel nine-stage dynode chains. The signal is split at the 
first dynode and collected at the common anode. The cath- 
ode has an active area of 4x45 mm 2 and a sensitivity range 
from 300 to 850 nm (multialkali cathode). The dark count 
rate ranges from 50 to 500 s ~ The single electron pulses 
have a FWHM of 2 ns and an average peak current of 1 
mA. 
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FIG. 8. Time-resoived fluorescence 
spectra derived from Fig. 6 at different 
times after excitation maximum. 
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V. TESTS IN APPLICATIONS 

Figures 3 and 4 show the system response to the dye- 
laser pulse for different lower-level settings of the discrim- 
inator DIS1 and for an illuminated cathode area of 4x 15 
mm 2 . In Fig. 3 the voltages at the four focusing electrodes 
of the PMT have been adjusted to achieve a smooth re- 
sponse and a high count efficiency. For DIS1 amplitude 
windows of 1:5 and 1:1.6 FWHM values of 156 and 133 ps 
are achieved. The count rate at the two discriminator set- 
tings is 0.8 and 0.1 compared to the true CFT count rate. 

In Fig. 4 the focusing voltages have been adjusted for 
maximum time resolution at the cost of a 50% loss in 
sensitivity. For amplitude windows of 1:5 and 1:1.6 the 
FWHM is reduced to 128 and 93.7 ps. The response shows 
a slow tail due to low amplitude afterpulses. This tail turns 
into a secondary maximum at wider amplitude windows. 
Because the shape of the tail strongly depends on the fo- 
cusing voltages, we suppose that it is due to scattered elec- 
trons rather than to propagation delay differences in the 
two parallel dynode chains. 

Figure 5 shows the dependence of the impulse response 
on the spatial position at the photocathode. A 0.2-mm- 
diam light spot has been scanned perpendicularly across 
the 4x45 -mm 2 cathode slit. Compared to other results 12 ' 13 
the spatial variation of the response shape is very small. 

The FWHM of the instrument response is comparable 
to or better than the best results achieved with conven- 
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FIG. 9. Fluorescence of DODCI in ethanol, 3x 10~ 9 M, with Raman 
lines of the solvent 
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tional photomultipliers in practical applications. ' The 
dependence of the response on the size of the illuminated 
cathode area is surprisingly low. This makes it possible to 
exploit in practice the resolution of the instrument with 
good reproducibility of the experimental results. The re- 
producibility is in fact of greater value, than the 
absolute value of the FWHM. Microchannel-plate 
photomultipliers 14 ' 15 or avalanche photodiodes 7,13 could re- 
duce the FWHM to values below 60 ps, but at the expense 
of limited count rate or high dark count rate, 6 respectively. 

The sample for fluorescence decay time experiments 
was 3,3'-diethyioxadicarbocyanin-iodid (DODCI, 
Lambda-Physik) in purified ethanol. To measure the in- 
strumental response function at the excitation wavelength, 
a special milk- solution was used as scatterer. Care was 
taken to maintain precisely the same optical path geometry 
for scattered light as for fluorescence. 

Figure 6 shows a decay curve ofa3XlO" 7 MDODCI 
solution measured at 590 nm and the excitation pulse mea- 
sured at 514 nm with a scattering solution. The fitting to a 
monoexponential decay function yields a decay time con- 
stant of 1.03 ns. The reconvolved curve is in good agree- 
ment with the experimental curve and the weighted resid- 
uals show a satisfactory quality of the fit 

Figure 7 shows a sequence of decay curves measured 
with the emission wavelength as a parameter. The collec- 
tion time was 2 s for each curve, resulting in an overall 
measuring time of 128 s. From Fig. 7 single decay curves 
or time-resolved spectra can be obtained. Figure 8 shows 
time-resolved spectra at different times after the maximum 
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FIG. 10. Fluorescence of DODCI in ethanol, 3xI0" 9 M, recorded by 
locktin SPC. 
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of the excitation pulse. The results of multidecay measure- 
ment contain complete information on the fluorescence be- 
havior of the sample. This considerably improves the reli- 
ability of experimental results. 

Figures 9 and 10 show an application of the lock-in 
capability. In these measurements the concentration was 
reduced to 3x10" 9 M At this concentration the Raman 
spectrum of the solvent appears in the result, interfering 
with the fluorescence data (Fig. 9). In Fig. 10 the digital 
lock-in technique has been applied. The sample has been 
measured in alternation with a solvent cuvette as reference. 
As can be seen, the Raman lines are considerably reduced. 
A weak fluorescence signal of a solvent contamination at 
the short-wavelength side of the DODCI fluorescence is 
also eliminated. The Raman signal is suppressed by a fac- 
tor of about 10. This value is due to the time and intensity 
mismatching of the two optical channels in the optical sys- 
tem. The suppression of the unwanted signal in the elec- 
tronic system itself is much better, so that the matching of 
the optical channels seems to be the main problem associ- 
ated with lock-in SPC measurements. 
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